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ABSTRACT 
Al te rna t ive  types of J u p i t e r  upper atmospheres a r e  dis- 
cussed and it i s  shown t h a t  a hot extensive ionosphere and dense 
magnetosphere may r e s u l t  from electromagnetic hea t ing  which 
a l s o  accounts f o r  an apparent excess o f  thermal r ad ia t ion .  
The heat ing w i l l  r e s u l t  f r o m  interchange motions and o the r  
hydromagnetic motions i n  the magnetosphere caused by r o t a t i o n  
and t ransmi t ted  along f i e l d  l i n e s  t o  t h e  ionosphere. These 
involve a r i n g  cur ren t  and plasma moved outward by c e n t r i f u g a l  
force  u n t i l  it no longer corotates ,  bu t  forms a wrapped-around 
t a i l .  Neutral  shee ts  and p a r t i c l e  acce le ra t ions  a r e  introduced 
i n  the geomagnetic t a i l .  
The dis turbance caused by the  s a t e l l i t e  I o  through the  
magnetosphere may be f a r  more v io len t  than previous es t imates ,  
i f  the s a t e l l i t e  has f i n i t e  e l e c t r i c a l  conduct ivi ty .  It w i l l  
then ca r ry  f i e l d  l i n e s  f rozen  i n t o  i t s  body and cause a d i s t u r -  
bance (a forced  interchange motion) extending t o  the  ionosphere 
i n  both hemispheres. There i s  evidence t h a t  t h i s  model accounts 
f o r  a l l  t he  I o  r e l a t e d  decametric r a d i a t i o n  i n  terms of a s ingle  
complex source ly ing  near longitude h 
more than one d i r ec t ion .  
200" and r a d i a t i n g  i n  I11 
I n  the  v i c i n i t y  of the  ea r th  many i n t e r e s t i n g  phenomena, 
notably t rapped ene rge t i c  p a r t i c l e s  and the  geomagnetic t a i l ,  
a r e  caused by the  s o l a r  wind and have provided ample rewards 
f o r  i nves t iga t ions  made by spacecraf t .  The present  s tudy i n d i -  
c a t e s  t h a t  near J u p i t e r  t he re  w i l l  be an even r i c h e r  f i e l d  of 
p a r t i c l e s  and magnetic phenomena, caused mainly by the  p l a n e t ' s  
r o t a t i o n .  
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I. INTRODUCTION 
Following the  de tec t ion  of s t rong,  i n t e r m i t t e n t  rad io  
s igna l s  from J u p i t e r  by Burke and Frankl in  [1955], numerous 
s tud ie s ,  both observat ional  ( rad io  and o p t i c a l )  and t h e o r e t i c a l ,  
have been made. The r e s u l t s  have been reviewed by Roberts 
[ 19631, Frankl in  [ 19641, E l l i s  [ 19651, Kraus [ 19663, Warwick 
[1967], and Drake [19673. 
I n  add i t ion  t o  the  an t ic ipa ted  thermal emission, there  
i s  a broad spectrum of decimeter and decameter r ad io  emissions. 
The former have been in t e rp re t ed  as synchrotron r a d i a t i o n  by 
e l ec t rons  of energies  i n  the range 10-100 MeV moving i n  a 
magnetic f i e l d  of  s t rength  about 1 gauss and ex ten t  about 3 
p l ane ta ry  r a d i i .  These correspond t o  the  b e l t  of ene rge t i c  
p a r t i c l e s  near  the  ea r th ,  except t h a t  they  a re  about 1000 times 
a s  dense and i n  add i t ion  the  magnetic f i e l d s  a r e  much s t ronger ,  
having a value of about 15-20 gauss near  t he  poles .  
it has been shown t h a t  the  longitudes ( r e l a t i v e  t o  the  d i r e c t i o n  
of the  e a r t h )  of the plane of the t i l t e d  dipole  and a l s o  of t he  
s a t e l l i t e  I o  both exerc ise  a cont ro l  over the  r a d i a t i o n  received. 
Subsequently, 
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To f u r t h e r  develop theor ies  of rad io  emission and o ther  
Jovian phenomena, a hydromagnetic model of J u p i t e r ' s  surround- 
ings  i s  required.  
and f i e l d s  i n  t h i s  region and of t h e i r  motions and i n t e r a c t i o n s .  
A key parameter i s  the  temperature (and hence the  sca le  he igh t )  
of the  ionosphere. 
confined f a r  below the  region where c e n t r i f u g a l  force  equals  
g r a v i t a t i o n a l  force.  
i n  the magnetosphere i s  high and many i n t e r e s t i n g  e f f e c t s  must 
follow, such as f i e l d  deformation by a r ing  cur ren t ,  interchange 
motions, departure  from corotat ion near  the  magnetopause, 
acce le ra t ion  of p a r t i c l e s  t o  high energy and so on. 
must hea t  t he  ionosphere and so he lp  determine i t s  sca le  he ight ;  
t hus  p a r t i c l e  and f i e l d  models are  interdependent and must be 
determined simultaneously . 
This w i l l  involve a determination of p a r t i c l e s  
I f  low (2 l o 3  "k) ,  then the  ionosphere i s  
I f  high (7 lo4 "k ) ,  then the  plasma dens i ty  
Such motions 
Another phenomenon requir ing inves t iga t ion  i s  the e f f e c t  
of I o  i n  i t s  motion r e l a t i v e  t o  t he  magnetosphere. Previous 
inves t iga t ions  have considered e f f e c t s  of the  motion through the  
magnetized plasma; s ince t h i s  motion i s  much slower than the  
Alfve'n ve loc i ty ,  i t s  e f f e c t s  should be small. However, i f  I o  
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i s  s l i g h t l y  e l e c t r i c a l l y  conducting, then f i e l d  l i n e s  a re  f rozen 
i n t o  i t s  body and a r e  dragged along with Io .  
interchange motion'' and may have some remarkable r e s u l t s .  
This i s  a " forced  
It seems most important t ha t  the  var ious  phenomena discussed 
below should be f u r t h e r  evaluated before  a space probe i s  sen t  
t o  the  v i c i n i t y  of J u p i t e r .  
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11. MODEL JOVIAN ATMOSPHERES 
The d i s t r i b u t i o n  of plasma i n  J u p i t e r ' s  plasmasphere 
r e s u l t s  from upward d i f fus ion  of protons and e l ec t rons .  These 
a re  produced by d i s soc ia t ion  and ion iza t ion  from the  molecular 
hydrogen t h a t  cons i tu tes  the  bulk of J u p i t e r ' s  atmosphere. The . 
ex ten t  of t he  plasmasphere depends c r i t i c a l l y  on the  supply of 
energy ava i l ab le  t o  ion ize  and heat t he  ionosphere because i f  
t h e  l a t t e r  extends t o  scifflcient he ight ,  it tends t o  move f u r t h e r  
out  under the  inf luence of cen t r i fuga l  force .  
2 . 1  Model Ionospheres 
Early es t imates  of ionospheric peak e l ec t ron  dens i ty  
[ Zhelezniakov, 1958; Rishbeth, 19591 were based on the  s implest  
of model Chapman regions and gave values  - 10 cm-3 -10 ern . 
Gross and Rasool [1964] made a much more d e t a i l e d  s tudy of t he  
6 7 -5  
major p r o p e r t i e s  of the  upper atmosphere, based on the  assumption 
of r a d i a t i v e  equi l ibr ium and determined e l ec t ron  dens i ty  and 
temperature d i s t r i b u t i o n s .  
- 10 and the  sca le  height of order  100 km. 
The peak e l ec t ron  dens i ty  found was 
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a 
E l l i s  [1965] and Warwick [1967] have made i n d i r e c t  
es t imates  of ionospheric temperature and sca le  he ight ,  based on 
rad io  da ta  and i t s  in t e rp re t a t ion .  E l l i s '  theory of decametric 
emission r equ i r e s  a high plasma densi ty  a t  seve ra l  Jovian r ad i i  
(Rj) and i n  support of the  theory he pos tu l a t e s  a temperature 
i n  the  upper ionosphere of - 5000 OK, which provides  e l e c t r o n  
d e n s i t i e s  i n  the  v i c i n i t y  of I o  - lo4 cm-3 - 10 
Warwick, on the  o ther  hand, argues i n  favor  of a low ionospheric  
temperature;  h i s  Cere-nkov emission theory r equ i r e s  a very low 
e l e c t r o n  dens i ty  i n  the  upper ionosphere i n  order  t h a t  r a d i a t i o n  
may cross  the  region where e l ec t rons  gyrate  with the  wave f r e -  
quency. However, such escape seems improbable even with minimum 
dens i ty  es t imates ,  and s o  the  radio emission theory does not  
favor  any plasmasphere model. Warwick a l s o  c i t e s  h i s  f a i l u r e  t o  
observe Faraday r o t a t i o n  i n  J u p i t e r ' s  r ad io  emission a s  evidence 
of low plasma d e n s i t i e s  (2 10 ~ m - ~ )  beyond about 1 R However, 
it i s  not  c l e a r  from h i s  argument t h a t  the  same r e s u l t  would not  
be obtained i f  one po la r i za t ion  mode o r ig ina t ed  high i n  t h e  plasma- 
sphere, r a t h e r  than near  the  surface of t he  p l ane t  as he assumes. 
5 -3 cm a s  requi red .  
J' 
Summing up, it seems t h a t  t he re  i s  no d i r e c t  evidence of 
e i t h e r  a small c lose- in  plasmasphere o r  a hot ,  extended model. 
If the  energy input  were l imi ted  t o  s o l a r  r ad ia t ion ,  then the  
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former would probably r e s u l t .  A s  shown below, however, it i s  
probable t h a t  t he re  a re  o ther  sources of energy f o r  hea t ing  
and ion iz ing  the  Jovian ionosphere, notably hydromagnetic motions. 
2 . 2  The Plasmasphere 
While the  terms plasmasphere and magnetosphere may r e f e r  
t o  i d e n t i c a l  regions,  we use the former i n  d iscuss ing  a body 
of  plasma which may poss ib ly  be confined t o  a l i m i t e d  p a r t  of a 
magnetic configurat ion,  where the f i e l d  i s  a simple unperturbed 
(although perhaps t i l t e d )  dipole f i e l d .  It i s  gene ra l ly  recog- 
n i z e d  t h a t  the  plasma surrounding a magnetized cosmical ob jec t  
r o t a t e s  with the  objec t .  
magnetic f i e l d  l i n e s  frozen in to  the  objec t  and r o t a t i n g  with it, 
o r  t h a t  the  l i n e s  remain a t  r e s t  and an e l e c t r i c  f i e l d  - E i s  
generated,  such t h a t  
We may equal ly  we l l  v i sua l i ze  the  
v = R X R ,  - - -  E + v X B  = 0 , - - -  
where v and R a re  the  v e l o c i t y  and r o t a t i o n a l  vec tors  and B the  
magnetic f i e l d  [Hones and Bergeson, 19653. 
- - 
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The r o t a t i o n  of p l ane ta ry  plasmaspheres w i l l  add a cen- 
t r i f u g a l  fo rce  term t o  t h e  e f f e c t s  determining plasma d i s t r i b u -  
t i o n  [Angerami and Thomas, 19641 and t h e  e f f e c t s  of t h i s  term 
have been considered by Melrose [1967]. 
J u p i t e r  plasmasphere f o r  a magnetic dipole  a l igned with t h e  
r o t a t i o n a l  a x i s  and nowhere d i s t o r t e d  by plasma. f o r c e s  (and t h e  
a s soc ia t ed  cu r ren t s  which provide t h e  r eve r se  Lorentz f o r c e s ) ,  
so t h a t  t h e  f i e l d  l i n e s  s a t i s f y  
He determines a model 
2 Bi = s i n  8 , 2 r s i n  
where 8 i s  c o l a t i t u d e  and rJi i t s  value where t h e  l i n e  i n t e r s e c t s  
t h e  ionosphere. The p o t e n t i a l  energy r p e r  u n i t  plasma mass 
above i t s  ionospheric value Ti i s  given, f o r  plasma constrained 
t o  move along a r o t a t i n g  f i e l d  l i n e ,  by 
-1 
J where -g RJ r 
from t h e  center  of t h e  p l ane t .  Above t h e  ionosphere r a t  f i r s t  
i nc reases  t o  a maximum value a t  
i s  t h e  g r a v i t a t i o n a l  p o t e n t i a l  a t  d i s t ance  r R 
I- 11 
r = ( 3 / 2  6 s i n  2 ei) -114 m (4) 
2 -1 
J where 6 = ~2 R g = 8.6 x and then decreases t o  a minimum 
value i n  the  e q u a t o r i a l  plane. 
I n  Fig. 1 we show a p l o t  o f  t h e  p o t e n t i a l  energy func t ion  
needed t o  l i f t  t h e  (r - ri), measured i n  u n i t s  of the energy gR 
plasma from t h e  ionosphere t o  i n f i n i t y  aga ins t  g r a v i t a t i o n a l  f o r c e  
only.  
t o  the o r b i t  of Io ,  with r i n  t h e  eqi ia tor ia l  plane having a value 
of  5.9. The curve i s  drawn f o r  a d ipo le  f i e l d  t i l t e d  at an angle  
of 10" t o  t h e  r o t a t i o n a l  a x i s  so  t h a t  t he  p o t e n t i a l  energy peaks 
a r e  asymmetrical. Plasma may be g r a v i t a t i o n a l l y  trapped a t  l e v e l s  
below t h e  energy peaks or c e n t r i f u g a l l y  trapped between t h e  peaks, 
while p a r t i c l e s  of s u f f i c i e n t  energy may move over both peaks 
from one hemisphere t o  t h e  other.  Melrose suggests t h a t  p a r t i -  
c l e s  streaming i n  t h i s  manner from opposi te  hemispheres would 
i n t e r a c t  through t h e  two-stream i n s t a b i l i t y  and so be  trapped. 
However, i n  t h e  presence of hot ambient plasma t h i s  mechanism i s  
inope ra t ive  and so an e f f i c i e n t  cool ing process  i s  r equ i r ed  t o  
a l low such trapping. 
J 
The curve app l i e s  f o r  a value of Bi -., 66", corresponding 
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I n  t h e  ou te r  p o t e n t i a l  trough of Fig. 1 t h e r e  i s  n e t  
outward acce le ra t ion  and an outwardly inc reas ing  pressure;  
tends t o  cause a r a p i d l y  increasing dens i ty  which cannot be  
l i m i t e d  by t h e  s o l a r  wind and which Melrose f i n d s  unacceptable. 
He attempts t o  overcome t h i s  d i f f i c u l t y  by assuming t h a t  t h e  
d e n s i t y  f a l l s  towards zero a t  a rate determined by t h e  condition 
t h a t  t h e  magnetosphere remain s t a b l e  aga ins t  m+.erchanges of t h e  
magnetic f i e l d  l i n e s .  
t h i s  
Interchange motions o f  tubes of magEctic f o r c e  a r e  per-  
m i t t e d  when t h e  lower atmosphere of t h e  p l a n e t  e l e c t r i c a l l y  
i n s u l a t e s  t h e  magnetosphere and ionosphere from t h e  p l a n e t  
i t s e l f ,  as i n  t h e  case of  t h e  ea r th  [Gold, 1959; Sonnerup and 
Laird,  19631. Such motions involve changes i n  t h e  energies of 
t h e  plasma i n  t h e  d i f f e r e n t  tubes: 
p l u s  t h e  p o t e n t i a l  energy r. 
then t h e  motions a r e  s t a b l e  and  t h i s  i s  t h e  assumed condi t ion i n  
Melrose's  model. It l eads  t o  a c o r o t a t i n g  magnetosphere l i m i t e d  
t o  7-8 radii. 
t h e  plasma thermal energy 
When t h e  n e t  change i s  p o s i t i v e ,  
Interchange motions, i f  t h e y  occur, do so aga ins t  t h e  
f r i c t i o n a l  fo rces  within the  magnetosphere and ionosphere. Since 
t h e s e  fo rces  r e q u i r e  t h e  expenditure of  energy ou t s ide  t h e  f o r c e  
tubes,  it follows t h a t  only unstable  interchange motions a r e  
poss ib l e .  I n  f a c t ,  i n  t h e  case of t h e  e a r t h ,  interchange motions 
t o  and from t h e  t a i l  of t h e  magnetosphere a r e  driven by e x t e r n a l  
f o r c e s  ( f r i c t i o n  with t h e  s o l a r  wind) and d i s s i p a t e  f r i c t i o n a l  
energy i n  t h e  p o l a r  ionosphere as t h e  DS cu r ren t  system [Piddington, 
1960, 19623. I n  Melrose's  model uns t ab le  interchange motions are 
precluded and d r iv ing  f o r c e  i s  absent and so no motions w i l l  occur. 
The model i s  s t a t i c ,  "cold" zc? t h e  boundary i s  l i k e l y  t o  occur 
i n s i d e  10 RJ. 
2.3 An Active Magnetosphere 
The exis tence of plasma i n  t h e  ou te r  p o t e n t i a l  energy 
trough of Fig. 1 w i l l  l e a d  t o  unstable interchange motions, t h e  
f i e l d  l i n e s  being moved outwards (and t h e i r  f e e t  t o  higher l a t i -  
tudes i n  t h e  p o l a r  caps). Eventually, t h e  f i e l d  i t s e l f  w i l l  become 
d i s t o r t e d  from t h e  dipole  form and o t h e r  e f f e c t s  w i l l  follow; 
these  a r e  discussed below. Such a dynamic magnetosphere w i l l  t e n d  
t o  be s e l f - s u s t a i n i n g  because the  motions depend only on t h e  p re -  
sence of plasma i n  t h e  trough and t h i s  depends only on hea t ing  
of  t h e  plasmasphere, which, i n  tu rn ,  i s  provided by t h e  motions 
themselves. 
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There are other  ways i n  which t h e  magnetosphere w i l l  be 
ac t iva t ed .  Contrary t o  Melrose’s conclusion, t h e  co ro ta t ing  
magnetosphere must extend t o  t h e  magnetopause or boundary between 
J u p i t e r ’ s  f i e l d  and t h e  in t e rp l ane ta ry  medium. A s  shown below, 
t h e r e  w i l l  be v i o l e n t  shear ing motions i n  t h i s  region corresponding 
-1 t o  v e l o c i t y  d i f f e rences  of about 1000 km sec 
may form, which i s  wrapped around t h e  inne r  magnetosphere. The 
. A magnetic “ t a i l ”  
magnetosphere may a l s o  be heated and d i s tu rbed  by t h e  r e l a t i v e  
motions of t h e  s a t e l l i t e s ;  these e f f e c t s  a r e  discussed i n  Sect ion V. 
F i n a l l y  we no te  t h e  d i r e c t  evidence of a ho t  magnetosphere 
i n  t h e  form of ene rge t i c  e lectrons (10-100 MeV) r equ i r ed  t o  
.explain t h e  powerful synchrotron r a d i o  emission. The f l u x  of 
3 times t h a t  of t h e  e a r t h ’ s  b e l t  [Chang such e l ec t rons  i s  some 10 
and Davis, 19621. 
111. THE MAGNETOSPHERE 
Even extremely low plasma dens i ty  i n  J u p i t e r ' s  d i s t a n t  
magnetosphere, say o rde r s  of magnitude below 1 i s  s u f f i c i e n t  
t o  render it a conducting medium. We a r e  forced, t he re fo re ,  t o  
consider t h e  plasma (and also,  i n  e f f e c t ,  t he  magnetic f i e l d  l i n e s )  
as r o t a t i n g  with t h e  p l a n e t .  I f  t hey  do not  co ro ta t e ,  then we 
must, a l t e r n a t i v e l y ,  assume t h a t  they a r e  d i s t o r t e d :  probably 
wour,", onto a s p i r a l  surface.  Also w e  must determine a magneto- 
pause sepa ra t ing  t h e  magnetosphere and t h e  i n t e r p l a n e t a r y  medium, 
otherwise t h e  p l ane ta ry  f i e l d  w i l l  extend i n d e f i n i t e l y .  
3.1 A Non-rotating Model 
The c h a r a c t e r i s t i c s  of the s o l a r  wind i n  t h e  v i c i n i t y  of 
t h e  e a r t h  a r e  q u i t e  v a r i a b l e  [Neugebauer and Snyder, 19661. The 
wind v e l o c i t y  ranges ( f o r  average condi t ions)  from about 300-700 km 
sec - l ,  t h e  dens i ty  from < 1-70 protons 
from about 3 x lo4 - 6 x lo5 O X .  
of i t s  c h a r a c t e r i s t i c s  ou t s ide  Jupi ter ' s  magnetosphere, a t  about 
5 A.U. from t h e  sun. If t h e  ve loc i ty  i s  maintained a t  say 200 km 
sec- l ,  then t h e  dens i ty  w i l l  be about 0.3 
and t h e  temperature 
We may only make a rough estimate 
t h e  temperature i s  
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taken as 1 x lo5 OK, which may be  compared with t h e  ' temperature '  
corresponding t o  the  t r a n s l a t i o n a l  motion, of about 100 eV o r  
lo6 OK. 
pres su re  l eads  t o  a magnetic f i e l d  s t r eng th  of about 1 Y; t h e  
magnetosphere would extend f o r  about 100 RJ ( f o r  an e q u a t o r i a l  
su r f ace  f i e l d  of 10 gauss) .  
t h e  p re s su re  would be g rea t e r  and t h e  ex ten t  l i m i t e d  t o  about 66 R 
A t  t h e  rear of t h e  cav i ty  t h e  magnetosphere would extend somewhat 
beyond 100 R t o  form a iwdimentwy t a i l  as shown i n  Fig. 2. For 
reasons given below t h e  ta i l  does not extend far t o  t h e  r e a r  of 
t h e  p l a n e t  l i k e  t h e  geomagnetic tail, bu t  some evidence of a 
t a i l  of s o r t s  has been given by Gruber [19651. 
Balancing t h e  thermal pressure alone a g a i n s t  magnetic 
On the s o l a r  s i d e  of  t h e  magnetosphere 
J' 
J 
There i s  some observat ional  evidence t h a t  geomagnetic 
f i e l d  l i n e s  near t h e  magnetopause break and become connected t o  
t h e  i n t e r p l a n e t a r y  l i n e s  [ Dungey, 1961; F a i r f i e l d ,  19671, t h e  
e f f e c t  depending on t h e  exis tence of a s t rong,  southward d i r e c t e d  
f i e l d .  A s i m i l a r  e f f e c t  might be expected near  J u p i t e r  bu t ,  s i n c e  
t h e  s t r eng th  of t h e  f i e l d  component perpendicular  t o  t h e  e c l i p t i c  
w i l l  be reduced by an average f a c t o r  of f i v e ,  t h e  r a t e  of recon- 
nec t ion  per u n i t  a r e a  should be smaller. On t h e  o the r  hand, t h e  
l i n e a r  dimensions of t h e  magnetosphere shown i n  Fig. 2 exceed those  
of t h e  e a r t h ' s  f i e l d  by a f a c t o r  of about 100 and so t h e  e f f e c t  may 
be  important. 
3.2 Ef fec t s  of Rotation 
With t h e  in t roduct ion  of r o t a t i o n a l  e f f e c t s  a model 
magnetosphere becomes much more complex because ne i the r  plasma 
nor f i e l d  d i s t r i b u t i o n s  may be determined alone, even by 
approximate methods as used above. 
n e t i c  and an i n t u i t i v e  approach may be necessary. 
b r i e f l y  mentions expected f l a t t e n i n g  towards a d isk  and s t r e t c h i n g  
of t he  f i e l d  l i n e s  by t h e  r o t a t i n g  thermal plasma. 
makes severa l  s implifying a s smpt ions  lead ing  t o  a g ross ly  dis- 
t o r t e d  plasmasphere at t h e  o r b i t  of  I o  (about 6 R ). J 
coro ta t ing  plasma must be thrown out  t o  t h e  ex t remi t ies  of t h e  
f i e l d  l i n e s ;  he then assumes tha t  t h e  plasma dens i ty  Nmax r i s e s  
t o ,  bu t  does not  exceed, t h e  value which j u s t  f a i l s  t o  d i s rup t  
t h e  magnetic f i e l d  [ h i s  equation ( l ) ] .  F ina l ly  he assumes t h e  
plasma dens i ty  a t  I o ' s  o r b i t  t o  be about 2 x l o7  a value 
which might explain decametric rad io  emission as due t o  plasma 
o s c i l l a t i o n s  c rea ted  by t h e  passage of Io .  
The problem i s  now hydromag- 
Melrose [19671 
Gledh i l l  [1967] 
He assumes t h a t  
There a r e  objec t ions  t o  each of t hese  th ree  assumptions. 
I n  t h e  f i r s t  p lace  t h e r e  i s  a g r a v i t a t i o n a l  p o t e n t i a l  b a r r i e r  
between t h e  ionosphere and I o ' s  o r b i t ,  as shown i n  Fig. 1, so 
t h a t  plasma i s  not thrown out  t o  the  equa to r i a l  plane.  However, 
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i f  we assume t h a t  t h e  plasma density near  6 R 
enormous values  then, as Melrose has shown, t h e  dens i ty  must 
does a t t a i n  t h e s e  J- 
continue t o  inc rease  outwasds and t h e  whole magnetosphere i s  q u i t e  
unstable .  Final ly ,  a p a r t  from these dynanical d i f f i c u l t i e s ,  t h e  
e l ec t ron  dens i ty  adopted a t  6 R i s  an order  of magnitude l a r g e r  E 
than t h a t  estimated f o r  t h e  ionosphere i t s e l f  [Gross and Rasool, 
19641 and r e q u i r e s  magnetic energy d e n s i t y  near t h e  su r face  of 
t h e  p l a n e t  (a f i e l d  of 30 gauss) an o rde r  of magnitude l a r g e r  
t han  previous est imates  [Drake, 19671. 
Rotation of t h e  model Jovian magnetosphere shown i n  Fig. 2 
w i l l  l e a d  t o  su r face  speeds of about 1200 km sec-' near t h e  
dawn-dusk meridian plane and higher i n  t h e  t a i l .  The shear ing 
v e l o c i t y  on t h e  dawn s i d e  w i l l  then be  1400 km sec-' and on t h e  
dusk s i d e  1000 km sec-'. 
t h e  f i e l d  l i n e s  gene ra l ly  l i e  i n  t h e  shear planes,  w i l l  r e s u l t  i n  
some type of f r i c t i o n a l  i n t e r a c t i o n  and d i s t o r t i o n  of t h e  f i e l d  
l i n e s .  Again, plasma moving i n t o  t h e  t a i l  must be speeded up t o  
a t t a i n  t h e  higher  surface speed. 
be  deformation of t h e  f i e l d  l i n e s  as shown schematically by t h e  
l i n e  Q. In  t h e  extreme case, discussed below, some plasma i s  
Such l a r g e  shear ing motions, even though 
I n  each of t hese  cases  t h e r e  w i l l  
I 
e jec t ed  from t h e  magnetosphere carrying with it gross ly  d i s t o r t e d  
f i e l d  l i n e s ,  i n  the  manner f i r s t  suggested f o r  the  formation of 
a geomagnetic t a i l  [Piddington 1960al. 
I n  t h e  following sub-section we consider r o t a t i o n a l  e f f e c t s  
a t  d is tances  from J u p i t e r  ranging from a few r a d i i  t o  some t ens  
of radii. Here a r i n g  cur ren t  must form as a r e s u l t  of diamag- 
netism of energe t ic  p a r t i c l e s  and t h e  cen t r i fuga l  fo rce  of cold 
plasma t rapped i n  t h e  p o t e n t i a l  wel l  of Fig. 1. 
3.3 The Jovian Ring Current 
The combined g rav i t a t iona l  and c e n t r i f u g a l  fo rce  per  u n i t  
mass of plasma i n  a d i r ec t ion  perpendicular t o  t h e  magnetic f i e l d  
l i n e  (and inwards) i s  found from t h e  geometry of Angerami and 
Thomas [1964] t o  be  
where, as before ,  g i s  t h e  g rav i t a t iona l  
t he  d is tance  i n  p lane tary  radii and 0 t h  
fo rce  a t  
c o l a t i t  
the  surface,  r 
de. I n  regions 
near  t h e  equa to r i a l  plane and beyond -4 p lane ta ry  r a d i i  t h i s  reduces 
f '  - -C r RJ and t h e  outward force  dens i ty  i s  given by 2 
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i -  
I 
This f r c e  mu 
f -  
t be e f f e c t 2  ely balanced k a magnetic fo rce  (or 
a Lorentz fo rce  - -  j x B ) .  
may be balanced p a r t l y  o r  wholly by an outward pressure  grad ien t  
&p, but  t h i s  i s  not  e f f e c t i v e  i n  balancing t h e  t o t a l  outward cen- 
t r i f u g a l  fo rce  and must r e s u l t  i n  a l a r g e r  Lorentz fo rce  f u r t h e r  
out .  The t o t a l  cur ren t  j(cp) de dr i s  a r i n g  cur ren t ,  reducing 
t h e  d ipole  f i e l d  i n s i d e  i t s  center of c ross  sec t ion  and increas-  
i n g  i t  beyond t h a t  value of r.  
Over l imi ted  d is tances  t h e  outward fo rce  
For a given plasma d i s t r ibu t ion  and a r i n g  cur ren t  which 
causes only a pe r tu rba t ion  of  the f i e l d ,  t h e  Lorentz fo rce  i s  
approximately j B r-3 which, when equated t o  t h e  c e n t r i f u g a l  
force,  gives  
0 
j - pG2 r4 RJ Bo -1 . 
With increas ing  plasma dens i ty  an uns tab le  s i t u a t i o n  i s  reached 
when t h e  f i e l d  gradient  caused by t h e  r i n g  cur ren t  equals or  
exceeds t h e  normal gradient  of a d ipole  f i e l d .  The gradien ts  
a r e  given by t h e  equations (R = r R J )  
(7) 
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The i n s t a b i l i t y  condition i s  then found from equat ions (7)  and 
( 8  1 
6 -112 o r  w r i t t e n  i n  terms of t h e  Alfvgn v e l o c i t y  VA = Bo(4n p r ) 
and r o t a t i o n a l  v e l o c i t y  V R 
For example, t h e  maximm proton dens i ty  c o n s i s t e n t  with a s t a b l e  
c o r o t a t i n g  magnetosphere at say 30 RJ i s  about 20 em-’; at 60 RJ 
it i s  about 0.1 em . Thus any s i g n i f i c a n t  amount of plasma which 
f i n d s  i t s  way t o  t h e  ou te r  magnetosphere i s  l i k e l y  t o  d i s r u p t  t h a t  
part  of t h e  magnetosphere. 
-3 
It seems l i k e l y  t h a t  plasma w i l l  f i n d  i t s  way outward under 
t h e  in f luence  of interchange motion, provided t h a t  when it has 
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d i s rup ted  t h e  magnetosphere, t h e  erupted magnetic fo rce  tubes may 
then move back t o  lower l a t i t u d e s  thereby completing t h e  i n t e r -  
change cycle.  Such motions would be  somewhat analogous t o  t h e  
motions of geomagnetic fo rce  tubes t o  and from t h e  t a i l  
[Piddington, 1960bl and s i m i l a r l y  would d r i v e  ionospheric cu r ren t  
systems. It remains t o  i n v e s t i g a t e  whether t h e s e  cu r ren t  systems 
would he lp  s i g n i f i c a n t l y  i n  c rea t ing  a "hot" ionosphere. 
3.4 Departure from Corotation 
There a r e  two wzys i n  vhich t h e  :n,ore distant p a r t s  of 
J u p i t e r ' s  f i e l d  and plasma may not c o r o t a t e  with t h e  p l a n e t .  
f i r s t  i s  t h e  well-known i s o r o t a t i o n  e f f e c t ,  i n  which d i f f e r e n t  
magnetic s h e l l s  have d i f f e r e n t  v e l o c i t i e s  with t h e  f i e l d  l i n e s  
l y i n g  i n  t h e  shear planes.  
f i e l d  deformation b u t  i s  not  t he  cause of any cumulative deforma- 
t i o n .  
ponent of magnetic f i e l d  across  t h e  shear planes,  and t h i s  l eads  
t o  a steady inc rease  i n  f i e l d  deformation, t o  t h e  c r e a t i o n  of 
magnetic f l u x  through c e r t a i n  surfaces  and so t o  a f u r t h e r  s e r i e s  
of  e f f e c t s .  
The 
Such motion may r e q u i r e  some i n i t i a l  
The second p a t t e r n  of d i f f e r e n t i a l  r o t a t i o n  involves  a com- 
If t h e r e  i s  s u f f i c i e n t  f r i c t i o n a l  drag between t h e  magneto- 
pause of Fig. 2 and t h e  ex te rna l  medium, then t h e  outer  s h e l l  of t h e  
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magnetosphere w i l l  be  slowed or stopped as shown i n  F ig .  3. I n  
t h i s  schematic diagram t h e  region between t h e  magnetopause M and 
t h e  magnetic s h e l l  defined by the curve S i s  at res t ,  o r  i s  
r o t a t i n g  more slowly than t h e  planet .  The ex i s t ence  of  such a 
region p r o t e c t s  t h e  magnetosphere from i n s t a b i l i t y  caused by t h e  
outward motion of r ing-current  plasma (by interchange motions).  
However, d i f f e r e n t i a l  i s o r o t a t i o n  has other  e f f e c t s  which a r e  not 
as conducive t o  s t a b i l i t y .  The f r i c t i o n a l  i n t e r a c t i o n  i s  now 
moved t o  an inne r  magnetic s h e l l  and he re  must c r e a t e  hea t ing  and 
smaller-scale  hydromagnetic turbulent  motions of a type discussed 
i n  connection with t h e  e a s t h ' s  magnetosphere [Piddington, 19631. 
I n  add i t ion  t h e  i s o r o t a t i o n  must extend t o  t h e  bottom of t h e  
ionosphere where t h e  f i e l d  l i n e s  e n t e r  a non-conducting atmosphere 
and t h e i r  motion ceases t o  have any s ign i f i cance .  The ionosphere 
moving ac ross  t h e  f i e l d  B. with v e l o c i t y  xi induces a f i e l d  
E = v. x B. which i s  d i r e c t e d  r a d i a l l y  away from t h e  po le s .  The 
H a l l  cu r r en t  dr iven by t h i s  f i e l d  w i l l  flow i n  t h e  d i r e c t i p n  of 
r o t a t i o n  of t he  p l a n e t  along p a r a l l e l s  of  l a t i t u d e .  
-1 
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These e f f e c t s  may be  important i n  hea t ing  J u p i t e r ' s  iono- 
sphere and so inc reas ing  the  magnetospheric plasma density. 
may a l s o  be s i g n i f i c a n t  i n  connection with t h e  observed d i f f e r e n t i a l  
They 
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1 
I 
r o t a t i o n  of J u p i t e r ' s  atmosphere, s i n c e  t h e  non-rotat ing magneto- 
sphe r i c  s h e l l  exe rc i se s  a drag on t h e  ionospheric r o t a t i o n .  
Much more spectacular  e f f e c t s  may r e s u l t  from d i f f e r e n t i a l  
r o t a t i o n  i n  which f i e l d  l i n e s  cross t h e  shear surfaces .  The l i n e s  
are then g ross ly  d i s t o r t e d ;  a l i n e  i s  confined t o  a su r face  which 
w a s  o r i g i n a l l y  a meridian plane.  D i f f e r e n t i a l  r o t a t i o n  d i s t o r t s  
t h e  sheet  i n t o  a h e l i c a l  form as shown i n  Fig. 4(a) where t h r e e  
such planes are viewed from above t h e  no r th  po le .  If t h e  f i e l d  
i s  described i n  terms of i t s  components i n  an r, 8, z system, 
with z coincident with t h e  r o t a t i o n a l  axis ,  then Br i s  not  
a f f e c t e d  by t h e  winding up b u t  B i nc reases  according t o  t h e  
e quat ion 
e 
an B = -B t r -  e r a r  y 
where t i s  time elapsed [Piddington, 196~31. Hence t h e  f i e l d  
s t r e n g t h  continues t o  inc rease  u n t i l  some other  motion i s  i n t r o -  
duced. It i s  suggested below t h a t  t h e  a d d i t i o n a l  e f f e c t  which 
must be  introduced i s  magnetic f i e l d  a n n i h i l a t i o n  and reconnection 
as i n  t h e  geomagnetic t a i l  [Piddington, 1967al. 
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The na tu re  of t h e  f r i c t i o n a l  i n t e r a c t i o n  r e spons ib l e  f o r  
bending t h e  outer  f i e l d  l i n e s  i s  not known but may be  a r e s u l t  
of an i n t e r p l a n e t a r y  f i e l d  which i n  t h e  e q u a t o r i a l  plane i s  
oppos i t e ly  d i r e c t e d  t o  t h e  magnetopause f i e l d  as shown i n  Fig.  4(b) .  
P l ane ta ry  f i e l d  l i n e s  then break and connect with i n t e r p l a n e t a r y  
l i n e s ,  as i s  thought t o  occur near t h e  e a r t h  [Dungey, 19611. 
s i t u a t i o n  i s  shown schematically i n  Fig. 4 (b) ;  motion of r o t a t i o n  
and of t h e  s o l a r  wind w i l l  then d i s t o r t  t h e  f i e l d  shown. 
This 
r n  wnatever t h e  na tu re  of the f r i c t i o n a l  i n t e r a c t i o n ,  f i e l d  
l i n e s  w i l l  be  drawn out i n  t h e  manner sketched i n  Fig. 5. However, 
i n s t e a d  of extending outwards as i n  t h e  case of t h e  geomagnetic 
ta i l ,  t h e  l i n e s  of fo rce  a r e  wrapped around t h e  magnetosphere 
i t s e l f .  In  s p i t e  of t h i s  deformation we might expect similar 
phenomena t o  those observed i n  the t a i l :  
l i n e s  and shedding of t h e  ou te r  s ec t ions ,  acce le ra t ion  of p a r t i c l e  
and con t r ac t ing  of t h e  reconnected f i e l d  l i n e s  t o  provide Jovian 
auroras  and a b e l t  of t rapped energet ic  p a r t i c l e s  [ Piddington, 
reconnection of f i e l d  
19674.  
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I V .  D E C m T R I C  RADIO EMISSION 
Any discussion of J u p i t e r ' s  magnetosphere i s  incomplete 
without reference t o  t he  decametric r ad io  emission o r i g i n a t i n g  
t h e r e  o r  i n  the  ionosphere below [Drake, 1967; Warwick, 19673. 
The r ad ia t ion  received a t  t h e  ear th  depends not only on System 
I11 ( ' r a d i o ' )  longi tude,  bu t  also on t h e  pos i t i on  of t h e  S a t e l l i t e  
I o  [Bigg, 19641. 
quency and power a r e  maximum f o r  longi tude 200", which corresponds 
t o  the  pos i t i on  of t he  magnetic pole  [Duncan, 19661. I n  addi t ion ,  
r a d i a t i o n  i s  enhanced when Io i s  a t  longi tude 200"; i n  t h i s  case 
emission occurs i n  longi tudes 110" and 250" which are respec- 
t i v e l y  90" eastward and 50" westward of t h e  pole .  
f i n d s  a s imi la r  bu t  not  i d e n t i c a l  p a t t e r n  and o ther  workers f i n d  
d i f f e r e n t  p a t t e r n s  a t  lower frequencies [Drake, 19671. It seems 
t h a t  both t h e  magnetic f i e l d  topology and the  p o s i t i o n  of I o  a r e  
important i n  determining the  s t rength or di rec t ion ,  o r  both, of 
t h e  emitted waves. 
Reception i s  most probable and the  r ad io  f re-  
Dulk [19651 
The con t ro l  o f  I o  might be exercised through a g rav i t a -  
t i o n a l  t i d a l  e f f e c t  on t h e  ionosphere o r  more d i r e c t l y  by t h e  
motion of I o  through t h e  much f a s t e r  r o t a t i n g  magnetosphere. The 
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former p o s s i b i l i t y  seems remote i n  view of t h e  absence of e f f e c t s  
by t h e  o the r  s a t e l l i t e s .  I n  t h e  absence of a resonance e f f e c t  t o  
enhance I o ' s  t i d e ,  t h e  o the r  s a t e l l i t e s  should produce e f f e c t s  
up t o  10 p e r  cent  or more t h a t  of Io, y e t  no r ad io  con t ro l  has 
been detected.  
I o  moves westward r e l a t i v e  t o  Jupiter ' s  magnetosphere, with 
re la t ive v e l o c i t y  of about 54 hn sec- l .  
proposed f o r  t h e  dis turbance created by t h i s  motion ranging from 
a shock hydromagnetic wave i n  the low-velocity mode [ E l l i s ,  19651 
o r  a fan shaped proboscis [Marshall and Libby, 19671 t o  a minor 
dis turbance [Warwick, 19671. We f i n d  an e n t i r e l y  d i f f e r e n t  
s i t u a t i o n  t o  any of these.  
Seve ra l  models have been 
4 .1  I o ' s  J3ydromagnetic Disturbance 
I o  has been exposed to  J u p i t e r ' s  magnetic f i e l d  f o r  a long 
t ime and whatever i t s  e l e c t r i c a l  conduct ivi ty  it must be per-  
meated by t h i s  f i e l d ,  with an average s t r e n g t h  of about 0.05 
gauss and t o t a l  f lux of about 4 x 
of a sec t ion  of t h e  geomagnetic t a i l ) .  
conduct ivi ty ,  then i t s  motion across t h e  f i e l d  causes an inc rease  
gauss cm2 (some 7 p e r  cent  
If I o  has  f i n i t e  e l e c t r i c a l  
i n  s t r e n g t h  B ahead of I o  and a decrease behind as shown i n  
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Fig.  6(a) .  
and out t h e  back and t o  a f i r s t  approximation at  l e a s t  t h e  flux 
does not change. The dis turbance outs ide  I o  w i l l  r a d i a t e  away 
as a hydromagnetic dis turbance with ve loc i ty  VA = B(41-r p)  , 
where p i s  t h e  plasma mass density.  Estimates of V range from 
as low as 700 km sec - l  [ E l l i s ,  19651 t o  lo5 lan sec - l  [Warwick, 
19671, but  i n  any case a r e  many times I o ' s  v e l o c i t y  and w i l l  
r a d i a t e  away r ap id ly  and not  form a proboscis  as suggested by 
Marshall and Libby [lg67]. 
comparison with t h e  hypothe t ica l  lunar  wake, where t h e  speed i s  
Mach 10 r a t h e r  than Mach 0.1 or  less  i n  t h e  case of Io .  
Lines of force  d i f fuse  i n t o  I o  on t h e  forward s ide  
-112 
A 
Their model depends on an u n j u s t i f i e d  
I n  t h e  case of I o  t he  magnetic f i e l d  l i n e s  a r e  more o r  
l e s s  frozen i n t o  t h e  s a t e l l i t e  body and a r e  near ly  r i g i d  and 
t h e  r e s u l t  i s  t h a t  t h e  magnetic f l u x  tube a t tached  t o  I o  i s  
c a r r i e d  through t h e  magnetosphere and ionosphere. The complete 
f l u x  tube, extending from hemisphere t o  hemisphere must be  ca r r i ed  
bodi ly  around t h e  p lane t  so tha t  each po in t  moves approximately 
i n  a c i r c l e ,  t he  f e e t  of the  f lux  tube moving i n  t h e  ionosphere. 
This i s  an interchange motion, dr iven by t h e  massive s a t e l l i t e  
moving r e l a t i v e  t o  t h e  ( f a s t e r  r o t a t i n g )  magnetosphere, and 
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opposed by ionospheric c o l l i s i o n s  between moving plasma and 
s t a t i o n a r y  n e u t r a l  p a r t i c l e s .  The e s s e n t i a l  f e a t u r e  i s  adequate 
e l e c t r i c a l  conduct ivi ty  cr i n s i d e  the  sa te l l i t e .  The equation of 
d i f fus ion  of t h e  f i e l d  l i n e s ,  and i t s  so lu t ions  a r e  
where t i s  t h e  c h a r a c t e r i s t i c  time f o r  readjustment of t h e  f i e l d  
with a volume of diameter E. $!e ?mst ,  have t l a r g e r  t,, t h e  
time taken f o r  t he  magnetic force tube  t o  develop i t s  m a x i m u m  
degree of deformation as  described below. 
0 
0 u 
The I o  fo rce  tube,  i n  r e l a t i o n  t o  J u p i t e r ' s  magnetosphere, i s  
shown schematically i n  Fig. 6(b). 
t h e  paper and it c a r r i e s  with it t h e  parts of t h e  connected f i e l d  
l i n e s  i n  i t s  immediate v i c in i ty .  More d i s t a n t  p a r t s  of t he  force  
tube fol low l a t e r ,  being delayed by t h e  t ime taken f o r  a complex 
hydromagnetic dis turbance t o  reach them. 
t w i s t  o r  r o t a t i o n  of c i r c u l a r  c y l i n d r i c a l  fo rce  tube, t h e  d i s -  
turbance would t r a v e l  with ve loc i ty  VA [ Piddington, 1960bl. For 
the  interchange type of motion performed by I o ' s  force  tube, t he  
ve loc i ty  of propagation i s  l i k e l y  t o  be much lower because t h e  
I o ' s  re la t ive motion i s  out from 
I n  t h e  case of a simple 
magnetic pe r tu rba t ion  6B and t h e  currents  r e spons ib l e  (shown 
as j i n  Fig.  6 ( b ) )  must t r a v e l  along t h e  f o r c e  tube,  while t h e  
a c t u a l  flow of plasma must extend beyond t h e  tube.  Propagation 
a t  a v e l o c i t y  of say 2000 km sec - l  would l e a d  t o  a delay time of 
a few minutes and s i n c e  we cannot determine t h e  a c t u a l  delay, 
we w i l l  assume t h a t  t h e  longi tude of  t h e  f e e t  of I o ' s  f o r c e  tube 
( i n  t h e  ionosphere) a r e  20" of longitude eastward of I o  i t s e l f .  
This deformation of t he  tube corresponds t o  a delay time 
t of about 4 G  mimites ar,d ar, e l e c t r i c a l  conduct ivi ty  of I o  of 
a t  l eas t  3 x 10 e.m.u., which i s  much l e s s  than t h a t  of dry 
e a r t h  o r  rock. 
d 
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4.2 Ionospheric E f f e c t s  
The f o r c e  tube connected t o  I o  p r o j e c t s  i n t o  t h e  iono- 
sphere i n  each hemisphere at a longi tude perhaps 20" eastward 
of Io i t s e l f ,  as shown i n  Fig. 7. The plane containing t h e  
a x i s  of r o t a t i o n  and t h e  magnetic d ipo le  i s  at longi tude 
A I11 -200". The f o o t  of t he  force tube follows t h e  dashed l i n e  
i n  a pa th  corresponding approximately t o  magnetic l a t i t u d e  66", 
shown by t h e  dashed c i r c l e .  
The ionosphere moves eastward r e l a t i v e  t o  I o ' s  f o r c e  tube 
-1 with v e l o c i t y  vi - 4.8 km see . If t h e  magnetic f i e l d  s t r e n g t h  
*- 15 gauss, then t h e  induced e l e c t r i c  f i e l d  E .  = v.x B. has a 
Bi -1 -1 -1 
6 -1 value of 7 x 10 e.m.u. o r  0.07 v o l t s  ern and i s  d i r e c t e d  away 
from t h e  pole .  The north-south extent of t he  fo rce  tube i s  about 
120 km and t h e  t o t a l  p o t e n t i a l  difference about 840 k i l o v o l t s .  
Such a f i e l d  may cause a major ionospheric disturbance. L e t  t h e  
i n t e g r a t e d  e l e c t r i c a l  conductivity of a 1 em wide s t r i p  of iono- 
sphere have a value C ( t h e  Pedersen conduc t iv i ty ) .  
d i s s i p a t e d  pe r  em2 i s  then given by W = C Ei , and i f  t h e  con- 
-8 d u c t i v i t y  i s  equal t o  t h a t  of the e a r t h ' s  ionosphere, about 10 e.m.u., 
The power 
2 
i 
then the  power d i s s i p a t e d  i n  and around I o ' s  p r o j e c t i o n  i n  t h e  iono- 
sphere i s  about 5 x lo5 e r g  cm . This i s  about 10 t imes t h e  
power inc iden t  on our ionosphere i n  t h e  cen te r  of a major a u r o r a l  
p r e c i p i t a t i o n  event and i s  s u f f i c i e n t  t o  heat  t h e  Jovian iono- 
sphere s u b s t a n t i a l l y .  Furthermore, e l ec t rons  with f r e e  p a t h s  of 
a few meters w i l l  acquire  energies of t ens  of e l ec t ron  v o l t s  and 
w i l l  i on i ze .  It would seem t h a t  t h e  f e e t  of I o ' s  f o r c e  tube may 
k i c k  up major dis t rubances i n  the ionosphere. 
-2 3 
The disturbances so caused w i l l  l i e  eastward of I o  i t s e l f ,  
f i r s t  because of  t h e  deformation of t h e  f o r c e  tube and second 
32 
because of delay i n  t h e  spreading and outward d i f fus ion  of t he  
energized p a r t i c l e s .  We suggest t h a t  t h i s  dis turbance provides  
t h e  p a r t i c l e s  responsible  f o r  a t  l e a s t  part  of J u p i t e r ' s  decametric 
r a d i o  emission. This emission w i l l  then be concentrated i n  a 
source about 20" eastward of Io .  
I n  addi t ion  t o  ionospheric dis t rubances caused by Io ,  
o the r s  are l i k e l y  t o  occur at  t h e  f e e t  of magnetic f i e l d  l i n e s  
i n  the  non-rotating p a r t  of t h e  magnetosphere (Fig.  4 (a ) ) .  
a l s o ,  tine f i e l d  l i n e s  are prevented from moving with t h e  ionosphere 
and a31 e l e c t r i c  f i e l d  develops, d i rec ted  away from t h e  pole .  
Reconnection of f i e l d  l i n e s  i n  the wrapped around t a i l  w i l l  a l s o  
energize p a r t i c l e s  so t h a t  t h i s  magnetic s h e l l  may be  a region 
of considerable a c t i v i t y .  
Here 
4.3 Sources of Radio Emission 
Decametric r ad io  emission from Jup i t e r  depends very much 
on the  pos i t i ons  of bo th  t h e  magnetic po le  ( A  
I f  r ad ia t ion  were concentrated i n  meridian planes,  then i t s  
sources would be i n  t h e  planes A - 200" a t  all times, and 
h - 110" and 250" when I o  i t s e l f  i s  a t  200". 
of t h e  foo t  of I o ' s  tube i s  s ign i f i can t ,  then t h e  I o  sources l i e  
- 200") and Io.  I11 
If t h e  longi tude 
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about 70" on e i t h e r  s ide  of Io  and a r e  exc i ted  when t h e  foo t  l i e s  
20" eastward of t h e  pole .  The p o s s i b i l i t y  appears, t h a t  most of 
t h e  r a d i a t i o n  comes from a source l y i n g  between longi tudes  1-80' 
and 200". Some rad ia t ion  i s  emitted i n  t h e  meridian p lane  and 
o the r  p r e f e r e n t i a l l y  a t  angles  f 70" t o  t h a t  plane.  
The p o s s i b i l i t y  of such oblique emission would remove a 
major d i f f i c u l t y  m e t  by t h e  cyclotron theory of E l l i s  and 
McCullock [1965] according t o  which t h e  emission i s  mainly i n  
meridiax pl&qes, 
110" and 250°, E l l i s  [1965] has suggested t h a t  slow-mode hydro- 
magnetic waves o r ig ina t ing  near  Io  w i l l  t r a v e l  p r e f e r e n t i a l l y  
t o  these  regions.  The amount of such r a d i a t i o n  exc i t ed  by I o  
i s  l i k e l y  t o  be small and, l i k e  a l l  shock r ad ia t ion ,  emit ted i n  
a cone (or  part  of a cone) with axis poin ted  eastward. 
s m a l l  amount of r a d i a t i o n  wouldbe l i k e l y  t o  reach t h e  ionosphere 
i n  only one band of longi tude.  
t ube  would be highly energized and so l i k e l y  t o  r a d i a t e  much 
more powerfully. 
I n  order  t o  account f o r  emission at longi tudes 
Only a 
A t  t h e  same time t h e  I o  fo rce  
On t h e  o ther  hand, Warwick's [I9671 theory which does 
invoke obl ique emission, meets t h e  major d i f f i c u l t y  of explaining 
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t h e  escape of t h e  extraordinary wave p a s t  t h e  s t o p  band 
X + Y = 1 [ E l l i s ,  19651. 
plasma i n  a uniform f i e l d  extending out i n t o  empty space" does 
no t  seem v a l i d .  One would h e s i t a t e  t o  suggest a dens i ty  as low 
as 0 .1  t o  1 
t o  provide a s top  band. 
Warwick's suggestion of a "bounded 
a t  say 2RJ, and y e t  such a dens i ty  seems adequate 
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V. CONCLUSIONS 
1. 
thousand ki lometers .  
solar r ad ia t ion ,  as assumed i n  previous models [Gross and Rosool, 
19641, but  a r e  caused mainly by e l e c t r i c  f i e l d s  caused by motions 
of plasma and of the  s a t e l l i t e  Io .  
J u p i t e r ' s  ionosphere i s  hot and i t s  s c a l e  he ight  i s  severa l  
Heating and  ion iza t ion  a r e  not  l i m i t e d  t o  
2. The add i t iona l  thermal energy seems capable of explaining 
an estimated d e f i c i t  of a b a t  x erg  see which must be 
suppl ied t o  t h e  lower atmosphere t o  provide an energy balance 
[Gross and Rasool, 19641. 
-1 
3. Jupiter 's  magnetosphere h a s  a high plasma densi ty ,  say 
> 10 near  I o ' s  o r b i t .  Centr i fugal  fo rce  causes plasma t o  4 
move outwards and accumulate i n  an energy p o t e n t i a l  wel l  (Fig. 1). 
The forces  exer ted by t h e  plasma must be balanced by a r i n g  
cur ren t  fo rce  (Fig. 3). 
4. 
dens i ty  were very low (Fig.  2 )  i s  probably replaced by an uns tab le  
magnetosphere. 
l a r g e  radial d is tances  both by interchange motions and by deformation. 
A model magnetosphere which might e x i s t  i f  t h e  plasma 
Magnetic fo rce  tubes a r e  pu l l ed  t o  increas ingly  
Eventually they cannot co ro ta t e  and a r e  drawn i n t o  a "wrapped- 
around t a i l "  (Figs.  4 and 5 ) .  
plasma, t h e  tubes reconnect and move again t o  lower l a t i t u d e s .  
After being emptied of t h e i r  
5. 
ionosphere t o  the ex ten t  required t o  provide t h e  hot ,  dynamic 
magnetosphere of which they a r e  a p a r t .  
t h e  ene rge t i c  p a r t i c l e s  responsible f o r . t h e  observed synchrotron 
r a d i a t i o n  -- a cold, s t a t i c  magnetosphere would f a i l  i n  t h i s  
r e spec t .  
These interchange motions seem capable of hea t ing  t h e  
They may a l s o  provide 
6. Previous est imates  of the poss ib l e  electromagnetic e f f e c t s  
of I o ' s  motion r e l a t i v e  t o  t h e  magnetosphere may have been much 
too small. 
with it  magnetic f i e l d  l i n e s  frozen i n t o  i t s  body. 
only inc reases  t h e  effectirre cross s e c t i o n a l  a r e a  of t h e  i n t e r -  
a c t i o n  by a f a c t o r  of about 300, b u t  a l s o  extends t h e  i n t e r a c t i o n  
d i r e c t l y  i n t o  t h e  ionosphere where it causes a major h e a t i n g  and 
i o n i z i n g  e f f e c t .  
I o  does no t  merely move through t h e  medium b u t  c a r r i e s  
This not  
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7. There i s  some evidence t h a t  t h e  r a d i o  emission a s soc ia t ed  
with I o  and with t h e  magnetic po le  has  i t s  o r i g i n  i n  a s i n g l e  
region l y i n g  between longi tudes A - 180" - 200". The mult i -  
p l i c i t y  of apparent sources would then be  explained i n  terms of 
a complex d i r e c t i o n a l  p a t t e r n  of emission. 
I11 
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FIGURE CAPTIONS 
Figure 1 P o t e n t i a l  energy p e r  u n i t  mass along a f i e l d  l i n e  of 
magnetic l a t i t u d e  about 66O, p l o t t e d  aga ins t  r a d i a l  
d i s t ance  i n  Jovian r a d i i .  Account i s  taken of t h e  
t i l t e d  dipole  f i e l d .  
Figure 2 A sketch of J u p i t e r  and i t s  magnetosphere from above 
t h e  no r th  p o l e  showing a bulge i n  t h e  a n t i - s o l a r  direc-  
t i o n  and a magnetic f i e l d  l i n e  cp, d i s t o r t e d  by f r i c t i o n a l  
drag. 
Figure 3 A meridian sect ion of Jupiter w i t h  i t s  corotat i i ig  
magnetosphere bounded by t h e  s h e l l  S, i t s  non-rotat ing 
magnetosphere extending t o  t h e  magnetopause M, and 
a c ross  sect ion of i t s  r i n g  cu r ren t .  
Figure 4 a. A view of t h e  co ro ta t ing  and non-rotating parts of 
t h e  magnetosphere, with d i s t o r t e d  f i e l d  l i n e s .  
b.  
with i n t e r p l a n e t a r y  l i n e s .  
A sketch of f i e l d  l i n e s  breaking and connecting 
Figure 5 A s t r e t c h e d  out  f i e l d  l i n e  and i t s  n e u t r a l  shee t ;  later 
t h e  sec t ion  shown i s  wrapped i n t o  a s p i r a l .  
Figure 6 The passage of t h e  S a t e l l i t e  I o  through t h e  magnetic 
f i e l d  of J u p i t e r .  
a. F i e l d  l i n e s  (dashed) magnetize I o  which otherwise 
causes no major d i s t o r t i o n  among t h e  surrounding l i n e s .  
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Figure 6 
('Ont l d *  frozen-in magnetic fo rce  t u b e  D westward. The whole 
b. I o  r o t a t e s  r e l a t i v e  t o  t h e  p l ane t  ca r ry ing  i t s  
I 
f o r c e  tube, from ionosphere t o  ionosphere moves with 
I o  b u t  s u f f e r s  considerable d i s t o r t i o n .  
Figure 7 A p l an  of t h e  h igh - l a t i t ude  ionosphere showing t h e  
f o o t  of I o ' s  magnetic fo rce  tube (moving westward), 
t h e  no r th  magnetic pole N surrounded by t h e  a r e a  
magnetically connected t o  t h e  non-rotating s h e l l  of 
Fig. 3, and t h e  axis of r o t a t i o n  A. 
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